In the present work, to enhance the reflection loss and change the magnetic resonance frequency of barium ferrite sintered at low temperature, different amounts of Zr ion were introduced to BaFe 12 O 19 to substitute the 
Introduction
With the rapid development of communication technology and the electronic industry, problems of electromagnetic pollution (EMP) and electromagnetic interference (EMI) are becoming increasingly serious. [1] [2] [3] In recent years, the research on electromagnetic wave absorbers with the capability of absorbing unwanted electromagnetic signals has become a hot spot. Ferrites with excellent magnetic and dielectric properties are regarded as the best magnetic material for electromagnetic wave absorbers. Compared to the ferrites that possess spinel and garnet structures, barium ferrites (BaFe 12 O 19 , oen denoted as BaM) with a hexagonal magnetoplumbite structure are considered to be a promising absorbing material owing to their large magnetocrystalline anisotropy (K 1 ¼ 3. At present, there are several common methods for synthesizing barium ferrite, such as the dynamic hydrothermal method, 6 co-precipitation method, 7 high-energy ball milling method, 8 sol-gel method 9 and so on. However, in order to form the crystalline structure of barium ferrite, the sintering temperature of these methods is usually higher than 1200 C, 10 which limits the application of barium ferrite in low temperature co-red ceramic (LTCC) technology. LTCC technology is an important technology to realize the miniaturization and integration of portable communication devices (such as mobile phones) and wave absorbing devices (such as lters). In the process of LTCC fabrication, magnetic or dielectric materials and a silver electrode material are co-red at low temperature (<961 C), 11 so it is necessary for materials sintered at low temperature to achieve their specic structure and properties. Therefore, for the purpose of reducing the sintering temperature, the addition of low melting-point materials has been tried. In our study, KCl with a melting point of 770 C is selected as an additive to reduce the calcining temperature of ferrite. For the pure barium ferrite, according to a report, the resonance frequency is too high (42.5 GHz), 12 the minimum of reection loss is larger than À5 dB and the microwave absorbing property is poor. Ion substitution has been considered to be the most efficient method to improve the properties of barium ferrite among various techniques. Currently, two methods of ionic substitution have been reported. One is to substitute Ba 2+ [13] [14] [15] with other cations, and the other is the substitution of Fe
3+
. [16] [17] [18] The saturation magnetization, coercive force, magnetic resonance frequency and magnetocrystalline anisotropy eld were altered when other ions were introduced into the barium ferrite structure. However, so far, there has been no report on Zr-doped BaFe 12 O 19 nanoparticles sintered at low temperature. So, the effect of Zr substitution at different levels on barium ferrite sintered at low temperature was studied.
In the present study, BaZr x Fe (12Àx) O 19 (x ¼ 0.0, 0.3, 0.6, 0.9 and 1.2) ferrite powders were prepared with the co-precipitation method and sintered with potassium chloride as an additive at 900 C. Subsequently, the impacts of doping Zr 4+ on the phases, morphologies and magnetic properties of the samples were discussed. Finally, the complex permeability, permittivity and absorbing properties were discussed.
Experimental
BaZr x Fe (12Àx) O 19 particles with different nominal compositions (x ¼ 0.0, 0.3, 0.6, 0.9 and 1.2) were synthesized by a modied ux method, which consists of two processes, one is chemical co-precipitation, the other is synthesis from a salt melt. 19 An aqueous solution containing the metal salts BaCl 2 $2H 2 O (AR), FeCl 3 $6H 2 O (AR) and ZrO(NO 3 ) 2 $6H 2 O (AR) in the proportions needed for the ferrite was dropped into an aqueous solution of Na 2 CO 3 (AR). Subsequently, a high concentration of Na 2 CO 3 was added to adjust the pH of the mixing solution to 9 and the solution was heated at 70 C for 2 h. The reacted solution was ltered, washed thoroughly and dried. Then, the as-prepared precursors were mixed with KCl (AR) and heated at 900 C for 2 h in air. Ferrite grains crystallized from the KCl molten salt. Aer the KCl was dissolved in water, BaZr x Fe (12Àx) O 19 particles were obtained. X-ray diffraction (XRD) with Cu Ka radiation was employed to identify the crystalline phases of the nal product. The micrographs and the chemical composition of the ferrites were recorded using scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis. The magnetic properties of the samples were measured by vibrating sample magnetometry (VSM, Lake Shore 735). The complex permittivity and complex permeability of the ferrites in the frequency range of 2-18 GHz were measured directly with a vector network analyzer (VNA, N5244A).
Results and discussion

X-ray diffraction (XRD) analysis
The XRD patterns of the BaZr x Fe (12Àx) O 19 nanoparticles with nominal compositions (x ¼ 0.0, 0.3, 0.6, 0.9, 1.2) obtained at 900 C are shown in Fig. 1 . Fig. 1 Fig. 1(b) ). The result indicates that the crystal lattice expanded with the increase of Zr content. Table 1 displays the specic lattice parameters. It is obvious that lattice parameters "a" and "c" increase slightly, while "c" increases faster, as shown in Fig. 2 . This suggests that the c-axis undergoes more expansion than the a-axis because of ion substitution. Furthermore, cell volume increases as x increases. This may be due to the fact that the ion radius of Zr 4+ (0.072 nm) is larger than that of Fe 3+ (0.067 nm). It has been reported that the structure type of ferrite may be quantied by the lattice parameter ratio. When the "c/a" ratio is lower than 3.98, the ferrite is considered to be in the form of an M-type hexaferrite structure. 20 In this work, the "c/a" ratio varies from 3.9372 to 3.9432. This demonstrated that the obtained samples are of M-type hexagonal ferrite structure. Fig. 1 (b) also shows that upon increasing the substitution amount x, the relative intensities of the peaks in the XRD patterns decreased and the peaks broadened, implying that the grains became smaller and the crystallinity decreased. , so the substitution will cause the lattice to distort and the internal stress caused by lattice distortion will impede the growth of grains but the crystal structure will not be inuenced. 21 The relatively small size of the grains may also be attributed to the restriction of grain growth by liquid phase formation, which agrees with some reports in the literature. 
Morphology analysis
The SEM images of Zr-doped barium ferrites calcined at 900 C for 2 h are shown in Fig. 3 . The SEM images of the samples showed that well-formed hexagonal grains were present and the agglomeration of particles hardly occurred. The size of particles for all samples was less than 1 mm; most of them were about 500 nm. In the process of sintering, the KCl additive not only has little impact on the morphology of the nanoparticles but also plays an important role in reducing the calcining temperature. 22 The hexagonal shape of the samples gradually became irregular as Zr concentration increased and the sizes increased slightly. This might be due to the fact that the ferrite formation reaction was promoted by the Zr 4+ ion, which is in agreement with other research. 23 It is clear that some small particles appeared as Zr was introduced. Furthermore, the number of small particles increased with x content.
Energy dispersive X-ray (EDX) analysis was carried out in order to conrm the chemical composition of BaZr x Fe (12Àx) O 19 sintered at 900 C for 2 h. Fig. 4 shows the typical EDX spectra and the inset table is the analysis data. It was observed that all samples contain Fe, Ba and O elements, and when the x value increases, the content of Zr increases, which is consistent with the designed composition.
Magnetic measurements
Zr 4+ substitution does not greatly inuence the morphology of the nanoparticles but it does have a signicant effect on the magnetic properties. As shown in Fig. 5(a) , the room temperature magnetic hysteresis loops of Zr-doped ferrites sintered at 900 C suggest that the samples possess high coercivity. The 26 The magnetic moment of barium ferrite can be inferred from the algebraic sum of iron magnetic moments at diverse sites:
27 For pure BaFe 12 O 19 , the total magnetic moment is equal to 20 mB as the magnetic moment of Fe 3+ is 5 mB.
As shown in Fig. 5 (b) and Table 2 ). The theoretical value of H c is 6700 Oe for BaM, as reported in literature. 5 The value of the coercive force in our study is reduced by 29% compared to the theoretical value, which may be affected by synthetic methods. The fall in coercivity is due partially to the larger particle sizes. As found in the SEM study ( Fig. 3) , the particle size of barium ferrite increased as x increased, but this fact cannot alone interpret the decline of H c in the Zr doped samples. The other reason may be due to the fact that a reduction of the magnetocrystalline anisotropy eld results from the substitution of nonmagnetic Zr 4+ ions. As is well known, the contributions of a single Fe 3+ ion in each position to the anisotropy constant K 1 can be sorted as À0.18, 0.18, 0.23, 0.51 and 1.4, respectively, for 12k, 4f1, 2a, 4f2 and 2b. 29 We already know that Zr 4+ ions locate on the 2b site at low doping levels, which leads to a large decrease of H c . And as x increases, Zr 4+ ions gradually prefer to occupy the 4f1 site, which results in a slight decline of H c . for all of the samples with Zr ion doping is larger than that of the undoped sample. The value of the imaginary part (3 00 ) for x ¼ 0.9 increases obviously over the whole frequency range compared to the undoped sample, while the other three samples show a similar behaviour. The complex permittivity of hexaferrites originates from intrinsic electric dipole polarization, electronic polarization, ionic polarization and interfacial polarization according to dielectric physics. 30, 31 The change of the permittivity with frequency is bound up with interfacial polarization and intrinsic electric dipole polarization. 32 For the Zr substituted ferrites, the increase in 3 0 and 3 00 may be due to 2) over the frequency range of 2-18 GHz is shown in Fig. 7(a) and (b). The m 0 of complex permeability declines from 1.13 to 1.00 as the frequency increases for the undoped sample while the m 00 spectrum has a peak value at around 13.16 GHz. For all doped samples, the values of the real part (m 0 ) of complex permeability are larger than that of the undoped sample and remain nearly constant. Furthermore, the value of the imaginary part (m 00 ) for the x ¼ 1.2 sample is larger than that of the undoped sample from 2 to 18 GHz and its maximum value is about 0.19 at 18 GHz, which implies that doping Zr 4+ can enhance the magnetic loss. 3.4.2 Microwave absorption properties of the nanoparticles. Reection loss (RL) can be calculated from the complex permittivity (3 0 , 3 00 ) and permeability (m 0 , m 00 ) with a given absorber thickness (d) by the following equations according to transmission line theory:
where Z in is the input impedance of the absorber, Z 0 is the impedance of free space, 3 r and m r are the complex relative permittivity and permeability of the sample, respectively, d is the thickness of the absorber layer, c is the velocity of light in a vacuum, and f is the frequency of the incident electromagnetic wave (EW). There are two basic conditions that must be met to attain excellent absorbing properties according to the literature. 35, 36 One is that the electromagnetic wave can enter into absorbing materials to the utmost degree, the other is that the electromagnetic wave entering into the materials can be almost entirely attenuated.
For the purpose of nding the appropriate thickness, the reection losses with different thicknesses were calculated based on the equations for all samples. The calculations were executed for d ¼ 2, 3, 4, and 5 mm. Fig. 8 shows the reection loss of the BaZr 1.2 Fe 10.8 O 19 samples at various thicknesses.
As can be seen from the gure, the absorbing property is poor and the minimum of reection loss is larger than À10 dB from 2 to 18 GHz when the thickness is less than 4 mm. Furthermore, when the matching thickness increases to 5 mm, the minimum of the reection loss of the BaZr 1.2 Fe 10.8 O 19 nanoparticles reduces to as low as À30.2 dB at 16.75 GHz; all other samples were found to have a similar nature. Fig. 9 shows the change of the reection loss with frequency for the BaZr x Fe (12Àx) O 19 nanoparticles (x ¼ 0.0, 0.3, 0.6, 0.9 and 1.2) at the thickness of 5 mm. The bandwidth refers to a range of frequency where the reection loss is lower than À10 dB. 90% of the microwaves can be absorbed in this frequency bandwidth. An excellent microwave absorbing material should possess not only a low reection loss but also a wide frequency bandwidth. There is no obvious absorption for the samples with x # 0.3. But, when the amount of doping is greater than 0.3, the reection loss and the bandwidth increase obviously and the resonance frequency slightly moves toward a lower frequency. When x ¼ 0.9, the strongest reection loss is À25.1 dB at 16.79 GHz and the bandwidth is 2.15 GHz. The reason for the improvement of reection loss of BaZr 0.9 Fe 11.1 O 19 might be that the value of 3 00 for x ¼ 0.9 is largest among all samples (shown in Fig. 6(b) ), which indicates that more incident electromagnetic wave will be attenuated via dielectric loss. As compared to the other samples, the ferrite with the composition of BaZr is larger than that of the other four samples (shown in Fig. 7(b) ), which indicates that more incident electromagnetic wave will be attenuated via magnetic loss. According to our investigation, the absorbing property of BaFe 12 O 19 is weak and the minimum of reection loss is larger than À5 dB. The doped barium ferrites show relatively excellent absorption properties with respect to the pure barium ferrite. The enhancement of microwave absorption properties of the Zr ion substituted samples might be attributed to two reasons: rst, the crystallite size contraction caused by the slight difference of radius between Zr 4+ and Fe 3+ (shown in Table 1 ) can cause the surface state and grain surface energy level to vary obviously. 37 The increased interface polarization and multiple reection will cause more energy to be absorbed when the electromagnetic wave diffuses in the materials. 38 
Conclusions
BaZr x Fe (12Àx) O 19 (0 # x # 1.2) powders with potassium chloride as an additive were successfully synthesized by a sintering route at relatively low temperature (900 C). The XRD patterns indicated that all samples were single phase M-type ferrites. SEM images revealed that all samples are small hexagonal-shaped particles and the particle sizes are about 500 nm. The obtained samples exhibit a high level of saturation magnetization but the coercivity is continuously reduced from 4772. 
Conflicts of interest
There are no conicts to declare. This journal is © The Royal Society of Chemistry 2018
